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High-resolution spectra from the Princeton Large Torus plasma have been recorded by a 2-m Schwob-Fraenkel
soft-x-ray multichannel spectrometer. Spectra covering a wavelength range of approximately 50 A were recorded
every 50 msec, and the spectra were normalized and added together to produce composite spectra covering the
region 80-340 A, Several well-known reference lines were used to establish an absolute wavelength scale, and

transition wavelengths were measured to an accuracy of approximately 0.02

A. By subtracting spectra recorded at

various times throughout the discharge, transitions from ions formed in the cooler and hotter plasmas were easily
distinguished, and blends between hot and cold transitions were resolved. Wavelengths of transitions in C, O, Ti,

Cr. Mn, Fe, and Ni have been measured.

INTRODUCTION

The study of the soft-x-ray spectroscopy of tokamak plas-
mas is important for the understanding of impurity concen-
trations, particle transport, and radiation losses (for a re-
view, see Ref. 1). The H-, He-, and Li-like resonance transi-
tions of the light impurities C and O and the An = 0 ground-
state transitions of the highly ionized metallic impurities
such as Ti, Cr, Fe, and Ni appear in the XUV spectral region.
The spectra of elements that do not occur naturally in toka-
mak plasmas can be studied by injecting the elements using
the laser blow-off technique.

The unambiguous identification of the transitions, partic-
ularly the transitions in the heavy ions, requires the observa-
tion of a number of lines from each ionization stage. The
time dependence of the radiation is useful in distinguishing
transitions in ions that occur over a range of electron tem-
perature, and high spectral resolution is necessary to resolve
blends of closely spaced lines.

Suckewer and HinnovZ measured the intensities of a num-
ber of allowed transitions in the wavelength range 90-300 A
from Fe XViII, Fe XX, and Fe XX1I. Stratton et al.? observed
An = 0 transitions below 200 A from Ti, Cr, Ni, and Ge with a
spectral resolution of 0.7 A.

In this paper, we present time-resolved spectra that were
recorded by the 2-m Schwob-Fraenkel soft-x-ray multi-
channel spectrometer at the Princeton Large Torus (PLT) toka-
mak.' * These spectra represent significant improvements
in spectral resolution and wavelength coverage. An accu-
rate wavelength scale was established using well-known ref-
erence lines and the geometry of the instrument. This accu-
rate wavelength scale was essential for the identification of
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many of the transitions and also permitted the precise com-
parison of spectra recorded at various times during the same
discharge and from different discharges. The signal-to-
noise ratio was improved by adding a number of spectra, and
many blends between transitions in ions that occur during
the cooler and hotter periods of the discharge were resolved
by subtracting spectra recorded during these periods.

We discuss in detail the establishment of the absolute
wavelength scale over the wavelength region 80-340 A. This
includes the corrections for the distortions introduced by the
flat multichannel plate detector, the nonlinearities in the
optical-fiber transmission lines, and the electronic noise.
We present the spectra of the intrinsic elements C, O, Ti, Cr,
Fe, and Ni. The spectra of the elements injected by the
laser blow-off technique will be presented in a separate pa-
per.

EXPERIMENTAL DETAILS

The PLT tokamak produces plasma with central electron
densities up to 1 X 10" ¢em~? and central electron tempera-
tures up to 2.5 keV in ohmically heated discharges. The
plasmas typically have durations of somewhat less than 1
sec.

The plasma was viewed radially by a 2-m grazing-inci-
dence spectrometer.* The spectrometer was fitted with a
600-line/mm grating, and the wavelength coverage was 5-
340 A for a grating blazed at 1°31’ or 20-340 A for a grating
blazed at 3°39’. The spectra were recorded by either one or
two flat MgF;-coated microchannel plates (MCP's) that
were interferometrically adjusted to be tangent to the Row-
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land circle. Each MCP was fitted with a phosphor-screen
image intensifier and coupled by a tlexible fiber-optic con-
duit to a 1024-element photodiode array. The photodiode
array was controlled and read out by an optical multichannel
analyzer. Each MCP was capable of covering a wavelength
range ot 20 A at short wavelengths or up to 70 A at the long-
wavelength limit. High spectral resolution and relatively
low background were achieved over the entire wavelength
range. The widths of isolated spectral lines were typically
0.2 A at 20 A and 0.3 A at 300 A.

Spectral scans were recorded at intervals of 50 msec
throughout the PL'T discharge. Typically 10 usable scans
with strong spectral lines were obtained on each discharge.
Spectral lines from ions that are formed at low electron
temperatures appear intense in the first few scans of a dis-
charge. These cold lines diminish as the ohmic heating
proceeds. During the subsequent plateau regime, when the
electron temperature and density are approximately con-
stant, the hot lines are much more intense than the cold
lines.

DATA REDUCTION

A tvpical example of the data recorded during the plateau
regime is shown as trace (a) in Fig. 1. The MCP detector
was positioned to record data between 210 and 222 A, and
trace (a) shows the counts recorded by pixels number 500
through 700 of the detector array. Superimposed upon the
spectral data is a periodic noise pattern that originates in the
electronic components of the photodiode-array detector.
The period of the noise pattern for the wavelength region of
Fig. 1 is four pixels, and this corresponds to a wavelength
range of 0.1-0.3 A, depending on the wavelength region.
Since the period of the noise pattern is comparable with the
width of the spectral lines, it is not possible to smooth out
the noise pattern without spoiling the spectral resolution.
The data recorded after the end of the discharge are pure
noise, and the noise pattern recorded on adjacent scans
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Fig. 1. The spectral data as a function of pixel position covering
the wavelength region 210-222 A. The unprocessed data are shown
in {a), and the electronic background noise has been removed in (b).
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Fig. 2. The calibration curve for the MCP. The ordinate is the
difference between the expected and the measured pixel positions of
the reference spectral lines, and the abscissa is the difference be-
tween the measured and the tangential pixel positions.

during this time does not change in pixel position. Shownin
trace (b} of Fig. 1 is the spectrum that remained after the
noise pattern was subtracted from the data of trace (a). The
differences between traces (a) and (b) are significant, and
the subtraction of the noise pattern is essential for the estab-
lishment of an accurate wavelength scale.

The wavelength scale can be determined from the well-
known relation

A = d(cos « — cos 3), (1)

where \ is the wavelength, d~! is the number of lines per unit
length of grating, « is the angle of incidence, 3 is the angle of
diffraction, and 3, is the angular position of the MCP pixel
that is tangent to the Rowland circle. A detailed description
of the experimental geometry is given in Appendix A (see
Fig. 12 below).

The wavelengths for the well-known standard lines that
were obtained from the above equation were initially found
to be slightly different from the accepted values. Two dif-
ferent factors contributed to the sizable errors in the mea-
sured wavelengths. The fiber-optic taper between the MCP
and the detector introduced a nonlinear dispersion in pixel
position that increases as a function of distance from the
tangential pixel. Second, the measured values of the angu-
lar position 3, of the tangential pixel were not so accurate.

To correct for these discrepancies, a calibration curve for
pixel position was obtained in the following manner. For
each experimental run, the pixel positions of the standard
lines were measured by fitting Gaussian profiles. The ex-
pected pixel positions of the lines were calculated from the
known wavelengths (see Appendix A), and the differences
between the measured and expected pixel positions were
graphed as a function of pixel position as shown in Fig. 2.
Such a calibration curve was generated for each MCP posi-
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tion. The angular positions 3, were adjusted slightly from
the experimentally measured values so that the calibration
curves for each MCP position had the same shape. A final
calibration curve was obtained by fitting a least-squares
polvnomial, and this calibration curve is characteristic of the
MCP and the fiber-optic taper and is independent of the
MCP position. The calibration curve and the adjusted val-
ues ot 3, were then used to establish the wavelength scale for
each MCP position. The accuracy of this wavelength scale
is estimated to be 0.01 A.

Since the MCP is flat and does not conform to the Row-
land circle, the angular position 3 of the pixels is a nonlinear
function of position on the MCP. The angular coverage of
each pixel also varies across the MCP, and this means that
the spectral resolution in the data recorded at the two ends
of the MCP is different. This is a consideration when over-
lapping spectra recorded at adjacent MCP positions are
pieced together to form a composite spectrum that covers a
wide wavelength range. In order to correct for this effect,
the pixel-bin positions were numerically transformed to be
linear in 3. and the angular width 63 of each bin was set equal
to the original width of the tangential pixel. The counts
were distributed into the new pixel bins based on the original
angular widths of the pixels. As a result, the spectrum on
one side of the tangential pixel was slightly stretched, and
the spectrum on the other side was slightly compressed.
The overlapping spectra from adjacent MCP positions can
be aligned to an accuracy of 0.01 A.

RESULTS

The spectra are shown in Figs. 3-11. The first-order spec-
trum is indicated by the solid line, and the first-order spec-
trum shifted to second- and third-order wavelengths is indi-
cated by the dotted and the dashed lines, respectively. The
strong spectral lines appear in multiple orders, and these
lines provided a good independent check on the absolute
wavelength scale.

Listed in Table 1 are the measured wavelengths and the
classifications of the transitions. The overall accuracy of
the measured wavelengths is estimated to be 0.02 A. Also
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Fig. 3. The PLT spectrum for 80-115 A.
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Fig. 10. The PLT spectrum for 285-315 A.
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Wavelength (A)

Wavelength (A)

Present  Previous® fon® Transition Present  Previous¢ [on® Transition
86.19 CL. 11625 116.27 Fe xX11 S I - 282p P
86,17 C.L. (RN O S AT Fe xXHi 2p P =282t I8
N7.68 87.67 Ni XN 282208 4P 2224 48 117.49b1 117.49 Fe xX1 2= AP -252pt P
8811 88.11 NUNNIE 2532pY 1D)y-252p3 1P 11791 { 117.92 Ni XX 2pYAS - 252p AP
NR.69h1 8861 NIXNIV O 222D 2 o-252p2 2P ' 117.94¢ NixXXxv ‘\'u—"s"p ‘l’

88.99 H.L. 118.47 Ni xXxiv :
89.73 H.L. 118.62 118.68 Fe xX 21)' ‘I’l .
90.28b] 9021 Fe X1 3pt P -3t (S RS 118.69 Fe XXI .’p~ ‘I’l—lszp‘ Py
90.59h1 9061 Fe xx A82PA D 0=282pd 2P 119.97 119.99 Fe xIX 2572p A AP - 2527 AP,
91.05 91.02 Fe XIX 22pt 1D,-252p5 1D, 120.35 120.35 Ni XXI 22pd D282
91.27hl 91.27 Fe XNI  2:22p2 3P, -252p3 38 120.81bl 4027t Cv
91.84bl 9187 NI XX 2s22p7 1P)-252p1 38, 12016 121.19 Fe xx1
:)?,19 ]:ll 121,81 { l‘_’l‘H:) Pe\\
93,22 C.L. 121.99 INBNAS 2 4
93,93 93.93 Fe XVt 2522p7 2P o = 262p% N, 122.92 122.97 Crxvi "s'-’p‘ Po-2s ’p' P
91.62 { 94.50 Nixx 2572p7 2P 4-282pB IS, 123.82 H.L.
T 94.64 Fe XX 2P 2D - 282p4 28 125,52 123.52 CoXvi 2522p3 2Dy -
93.25 H.L. 12634 126.30 NiXXIV - 2s%2p 2P, -2 )p--sl )
95.99 { 95.86 Nixxi 252pd AP, 252 p0 Py 126.59bl  126.59 Ni XX 25%2p° Py 252p* 50D
s 95.92 Fe xX 2pA Sy W2 2Dy 128.44bl 12844 Crxx 2522p Py 9-252p2 2Py
95.12b] 96.12 Fe \ 3p7 2P 43P P8 2Py 128.72 128.73 Fe XX1 2572p2 3P-252p3 A
96,45 H.L. 199 84 { 129.79 ovi 2p 2Py -4d 2Dy
96.77 96.80 NiXNT 2s%2p* 3P-2+2p Py - 129.87 oVl 2p 2Py o-4d 2D
9720 97.15 NiNNI 2422p4 1S,-252p7 1P 130.78  130.75 Cr XX 2522p 2Py p-252p* Py
97.89b]  97.86 Fe NXI  2522p? P -2s2p 38, 13151 13157 CrXx 522p 2Py 0=252p7 B8 o
98 30 { 98.36 Fe XXI  2522p?1D.-2s2p3 1P 132.88 Fe XX1h 2:715,-2sZp 1Py
B 98.35 Fe XX Pt IPy0-252p" 2Py, 132.88¢ 1 132.84 Fe xx 2522p3 A8 40-2:2p4 3P
99.03 99.02 Fe XXI 2522p20P,-9s2pY 1), 132,83 Crxvin 2522p4 3P -252p> Py
1002501 100.24 Ni XX1 222p P25 2P Py 133.97bl  134.05 Cr XIX 2s72p2 3P - 2s2p7 1P,
100.70b] { 50.35(2)  Fe xvi 2p3s 28 .-2p8p p‘ B 134.94 134.94 Cr XIX 2s22p7 3P -252p7 4P
: 100.77 Fe XXII  2522p 2P »-252p2 2Py WD Cwvl s 28 2-2p 2Py ax0
0L { 33733 Cve 1528, 2-2p 2P, , 13582 135.76 Fe XX 2622p Py p-252p? 2D
= 33743 C vl 1528, 0=2p 2Py 136.56 136.59 Crxvin 2s22p*S. L-232pHP,

10156 10156 Fe XIX  2522piiP,-2:2p° P, 138.13h1 H.L.

102.21 Fe XX1  2822p23P,-242p3 38, 138.49 138.52 CrXIX 25295 Py-2s2p3 P,

102.21 102,22 Fe XXII  2s220 2P ,-252p? 2Py , 139.98  139.97 CrXxvir  2s72p484,,-2s2p 4Py

10210 Ni XXIV 2822p 2Py 0-22p7 2P, 140.40 140.40 Tixv 2572p* APy-252p7 4P,

103.32 103.31 Nixxm  2822p348) ,-2:2pt 1P 141.10 141.09 Mn XXII 2s718,-2s2p 1Py

10395 103.94 Fe XVl 2522p" P\ ,—252pF 28, 14214 142,14 FexXxi  2s22p*3P-2s2p*D),

10463 104.63 Ni XXIV  25%2p 2Py.,-252p2 28 . 144.37hl C.L.

104.81b]  104.81 Ovi 28 281 .2-5p 2Py 144.79 144.76 TIXVIE  2522p 2Pa9-252p% 2P+ 5

106.05 NIXXHI 2s22p? 3P, 252p" 3P, 145.70 145.70 e XXI 28%2p 3Py-252p* D),

106.09  {106.05 NiXXIL  2622D%4830-252p 4Py 146.96bl C.L.

106.11 Fe XIX  2+22p*1§,-252p° 1P, 147.43bl C.L.

106.:32bl  106.32 Fe x1x 2522t AP -252p7 3P, 147.60bl 147 0 Tixvil  2522p 2P3,0-252p* 2Py

106.66  106.63 CrNvE 28%2p7 2Py 0252528 148.41 {l" sA6 Tixvin  25%2p 2Py,»-252p* 281

108.11hl  108.11 FeXXI  2¢22p?3P,-2s2p3 3P, ' ~18.40 Nix1 Apf180-3p°3d 1P,

108.36 108.:36 Fe xX1x 2422p3 A Py-252p° 3P, 148.66h] 148.66 CrXIX 2522p? *Py-2s2p" 3D,

109.35  109.31 Ni XXl 2522p43P-2522p3 3P, 14987 { 149.89 CrXX1 25%218,-2s2p 1P,

109.73 H.L. ’ 149.82 Cr XVt 25%2p48.4,0-282p% P50

109.98  109.95 FexXIX  2¢22p+3Py-252p> P, 150.07b] { 150.09 ovi 25 2812-3p *Pap

110.64 11063 Fe xx 2522p% 2Dy 9-252p* 2Dy ' 150.12 Ovi 25 2810-3p 2Py

11179 { 111,70 FeXIX  2422p*3P-2s2p° P, 151.52 1515 ov 2s2p *P-2s4d "D

’ 111.83 Ni XXill  2522p23P,-252p* 3D, 152.12  152.15 Ni xn 3p® 2Py,-3p*(*PY3d 2Dssy
1244 112,45 Fe XX1  2522p?1S,-252p* 1P, 15291  152.94 Nixn Ap5 2Py -3pd(P)3d 2Py
e {11329 FeXXI  2s22p2'Dy-252p% 1D, 154.13 {154‘13 TiXVIl 2522p2*P)-2:2p7 Py

‘ 113.35 Fe XX  2522p%2Ds/-252p* 2D, 154.17 Nixn 3p5 2Py-3p*(*P)3d *Payy
113.99h 114.01 Cr XIX 2322[)2 "P2-2s2p” 3S| 155.98 { 155.94 Fe xxIi 2.\‘22[) 2P3/g-—2s2p2 2Ds/-g

11440 114.41 Fe XXII  2522p 2Py-252p% 2Py ' 155.98 Crxx 2522p 2P\ 11-252p% 2Dy,

11530 115.36 CrXvi  2s22p52P),,-252p 28, 157.67  157.73 Nixm  3s"3p* P-3s23p*3d *Dy

115.82 { 115.82 Ovi 28 %S, 9-4p 2P.9/2 158.38 (‘-'L- ) ]

: 115.83 ovi 2528, j-4p " Pusa 159.97bl  159.97 Nixit  3p3 P u-3p' PPy

(continued overleaf)
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Table 1. Coutinued

Wavelength (A) Wavelength (A)
Present  Previous® lon® Transition Present  Previous! Ton® Transition
160.33 160,32 Cr XINX 25722 P 282D, 904,45 { 102.21(2)  Fe xx1
161.07 { RO.49(2)  Fe XX : 102.22(2)  Fe xxui
1027 Cv 20498 204.94 Fexit  3p*-3pid *D,
162.83 C.L. 205.70 C.L.
16417 16415 Ni Xt 3s3pt P37 3pi3d P, 206.39bl H.L.
165.47 165.46 Crxax  2592p7 8P, 2e2pH ), 206.66b1  103.31(2)  Ni XX
166.36 H.L. 206.98bl H.L.
167.52 167.49 Fe vl 3pP3d 2Dy o-3p°[3dH Ry 207.90 103.94(2)  Fe xviIil
168.17 TR 17 Fe vin 3pB3d 2D 5-3p73d*CF))D: 208.67 208.68 Fe X111 3pt IS —3pid P
1683.60 168.55 Fe vin 3p3d 2D o 3pP[3dR PPy, 104.63(2)  Nixxiv
169.61 169.58 TixIx 252 18,-252p 1Py 209.42b14 209.62 Fe x111 3p P -3pid P
169.74bl 169.74 Tixvi 257 2p S - 282p P 104.81(2) OVl
171.09 171.07 Fe1x 3pHIS, 3ptad 1Py 209.92bt - 209.92 Fe xXiu 3ptP-3pid P,
17219 17217 ov 25 IS, -2s3p 1P 210.61 210.62 Crix 3ptiP-3ptiS)3d tD,
17305 { 172.94 oVt 20 2Py o3d 2y 9131 20182 Fexiv  3p2P .-3d 2Dy
173.08 0wl 2pP.-3d Dy s 106.05(2)  Ni XX
17453 174.53 Fe X AP P =3pICPY3d PD;. 212,10 106.05(2) Ni xxnu
17540 { 175.26 Fe X AP P L -3pICPY3d 2Dy 106.11(2)  Fe XiIXx
175.36 Cr XX 25%2p 2 - 252p% 2 212.50bl H.L.
176.72bl H.L. 213.25 106.63(2) Crxvi
177,22 177.24 Fe x 3p" 2P -2prCP)3d Py 213.80  213.77 Fexur  3p?iP-3p3d P,
178.04 178.06 Fe X1 3ptPL-3pt S 3d D, 215.14 H.L.
17R.85 .. 215.98 215.94 Ni xv 3s13p? P -3s3pt 1Sy
179.25 179.27 Fe x11 3pP D =3P PY3d 2 D5y 216.73 108.36(2) Fe Xix
17976 { 179.76 Fe x1 3piDL-3ptCGIN3d TFy 218.26 C.L.
o 179.90 TiXVIl  25%2p 2P).,-2s2p= 2Dy, 219.11 219.12 Fe x1v 3p2Py.-3d 2Dy
18040 { 180.45H [':e \ i:p-" 1 ” «._,f:xp‘:;fu‘?‘1{):1’,JA_. 290.02b] { 109.95(2)  Fe SI.\' o .
180.40 Fe X1 3pt AP, 3pHS)3d By 290.08 FeXiv  3p2Py.-3d 2Dy
18112 181.14 Fe X1 3PP, 3PS 3d *D, 220.29bl H.L.
18211 { 91.02(2)  Fe xix 221.24 110.63(2)  Fe XX
' 182.17 Fe X1 3ptiP-3ptis)3d Dy 221.82 221.82 Fe X1 3p?1D,-3p3d ‘D,
182.52b1  91.270(2) Fe xX1(2) 223.00 223.01 CrXXIL 28 2570-2p 2Py
18105 { 183.94 Ovi 2p 2P, -3 28| s 22359 111.70(2)  FeXIx
' 184.12 Ovi 2p 2Py 0-35 28 224.72 224.75 Fe xv 3p3d *Py-3s3d D,
18449 18454 Fe x 307 2P -3p ' D)3d 28y 226.30bl  226.30 Fe x 3p® 2Py 0-3p*(tD)3d 2D
185,20 185.23 NixVI  3p2Py0-3d 2Dy 226.61  113.29(2) Fe xXI
— { 186.86 l':e Xl ixpf il);‘,._,-:xp:—:(f‘l’).?d F — { 2:23.21 Fe \\ . 3s3p “P-3s3d 2D
186.88 Fe x11 3p* D=3 3d CF; 227.2 Oov.Cw
187.83b]  93.93(2)  Fe xviu 228.04 114.012)  Crxix
188.17b { 188.17 Fe x11 ApS 2P -3p2(P)3d 2Dy 22880  114.41(2)  Fe xxu )
' 188 22 Fext  3p*3P-3p*(2D)3d P, 230.12 - 230.09 Fe x 3p*Pyy-3p'(\D)3d D2
189.09 189.13 Fe x1 3pi AP -3pt(EDY3d AP, 230.77  115.36(2)  CrXvi
189.99 { 189.94 Fe X1 AptP.-3pt2D3d 1P, 231.80bl H.L.
. 190.04 Fe x 37 2P -3pM D)3 S, 232.54  116.27(2)  Fexxun
19103 191.04 Fe x11 3p* 2Py n-3p2(*P)3d 2Dy 233.32bl H.L.
192 01 { 192.01 Fe XXIV  2528,,,-2p 2Py 233.86bl  233.86 Fe Xv 3s3p *Ps-363d D,
i 192.02 Fe xi Ap 3P -3pMED)3d 48, 234.33  117.18(2)  Fexxn
192 8] { 192.82 Fe X1 3pt P -3pt DN 3d AP, 235.03 117.49(2)  Fe xx1
o 192.8 Ov 2s2p P-2s3d *D 235.97bl  117.94(2) NixXxv
193,49 193,561 Fe xn1 3pH1840-3p2CPY3d Py 237.37  118.69(2) Fe xx1
19400 194.04 NixXVI 3p2Pys-3d *Dsp 938,46 { 238.36 O 2p 2P -3d 2Dy
19513 19512 Fe xi1 3P4 8,0-3pCP)3d APy 238.57 O 2p *Pyp-3d "Dy
195.73 97.86(2)  Fe XXI 239.02  238.86 Nixxv  26218,-252p *P
196,58 { 196.53 Fexi  3p2'D,-3p3d 'Fy 239.96  119.99(2) FexIx
i 98.36(2) Fe XXI 240.67 240.71 Fe xin 3s23p? 3 Py-353p* I8,
197 .84 197.82 TiXVIL 2s%2p 2Py -2s2p% 2Dy e 241.68 80.49(3)  Fe XX
19855 19858 Fexit  8ptiPy, 3p2(1D)3d Py 24238 12119(2)  Fexxi
200000 200,02 Fe Xin 3p? P -3p3d D, 243.71 121.85(2)  Fexx
200 06b1 201,12 Fe xtit  3p? P -3p3d D, 244,83 { 244.91 Fe 1x 3p818,-3pi3d 1Py
201.62b1 201.58 Fe Xi A AP, P AP, ’ 244.91 Civ 25 28, ;9-4p 2Pys
202,02h1 202,04 Fexur  3ptipP, 3pid P 24592 12297(2)  Crxvn
202.41hl 20242 Fe X111 RUTE RRTRT RN 246.21bl  246.21 Fe X111 3s23p? P -3p3d 1S,
200 10h1 101.56(2)  Fe XIN 247.25 247.20 Fe XX11  2¢22p *Py»-2s2p~ 4P,
20883 203,81 Fe x1m 3ptr dpid Dy 247.65 123.82(2)  H.L.
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Table 1. Continued

Wavelength (A) Wavelength (A)
Present  Previoust lon® Transition Present  Previous? lon® Transition
SRR Cl. 293.24b1  293.16 CrxX1 25218,-252p 3P,
24906 249,18 NiXVIE 35218, 3s3p TP, 293.57 97.86(3)  Fe xxI
249.54bl 83.18(3)  Fe XX 294.71bl H.L.

. 1255212y Crxvil o 98.35(3)  Fexx
2hl0z { 251.07 Fe xvi 3p P o-3d 2Dy 295.14bl { 147.56(2)  Tixvi
5158 25152 Crxi A 2Pya-3d 2Ds 295.58bl  295.58 Tix 3p *Py-3d 2Dy, .
- { 251.95 Fexm  3s23p2 2P, 3s3pt 38, 20683 148.46(2)  Tixvin
- 252.19 Fe NIV 35%3p 2P 0 3s3p2iP, . 297.32b1 148.66(2)  CrXIX
2H2.67 0 126.30(2)  NixXIV 298.09 C.L.
25309 C.L. 209.82  149.89(2)  Crxxl1
254.08bl 25402 Tivn It AP-3pt(AS)3d * Dy 300.27bl 150.12(2) OVl
25507 255.08 Fe XXIV 2528, ,-2p 2P, 301.88bl H.L.
256.36 { 20638 Fex 3pP 20y 2 Bp ORI Dy 30229 100773 Fe xxn
- 256.42 Fexm  3s23p2 1D, 3sdpt P 302.93b1 151.52(2)  Ov
CR6.86 128.42(2)  Cr XX 303.47bl H.L.
o548 { 257.139 Fe X1V 3823 2P o-3s3p7 2Py 304,32 152.15(2)  Nixnu
= 128.73(2)  Fexxi 304.72 101.56(3)  Fe XIx
259.30 259.29 TiXX 2628, ,-2p 2P, 305.80 1529420 Nixn
260,19 L. 306.64 102.21(3)  Fexxi
261.60 ]:f“'Tfm Cr XX ) . 3()8.48!;!{ '154.53(2) I‘n x'\'u e e
96302 { 26297 Fe xvi 3p2Py-3d 2D s 308.54 I'e.‘ NI .%‘-».ip‘ [)-_:—}s.}p" 1P,
e 131.57(2)  Crxx 309.14 309.09 Tixx 28 28,0-2p 2Py
26T 268,74 Fe XXIII 252 18,-2s2p 7P, 309.96  103.31(3)  Nixxn
26477 26479 Fe NIV 3s23p 20353 2Py 311.94bl { 155.94(2)  Fexxn
265.76 132882 Fe XXl ' 155.98(2)  Crxx
267.79bl H.L. 312.98 { 312.42 Crv 28 %80-3p Py
268.04b]  134.05(2)  CrxIX ’ 312.43 Civ 25 *810-3p P,
269.8.4 134.94(2)  CrNIX 313.86 104.63(3)  Nixxiv
270.50 Fe x1v Bs220 2P0 353p2 2P 314.95 H.L.
27159 : Fe XXt 315.40 157.67(2) C.L.
27304 { 136.59(2)  Crxvi 316.84  158.38(2) C.L.
s 91.02()  Fe xIN 318.12bl H.L.
27412 27420 FeXIV  3s%3p P .,-3s3p? 28, 418.83bl { 318.67 C.L. ' _
275.53b0 91873 Nixxin 319.01 Nixv 3s5%3p? "Py-3s3p* 1Dy
276.92 138.52(2)  CrxIx 319.90 106.63(3)  Crxvi
278.60 o H.L. ) A 420 54bl { 320-5:5 Ni xvi 35 2812-3p 2Pyss
270,69 { 279.72 Crxxi 2s28,,-2p %Py, - 160.32(2)  CrXIX ‘ N
- 139.87(2)  Cr XVIII 321.78bl  321.78 Fe xv 3s3p Py-3p* 3P,
281.27hl H.L. 322.03bl  80.49(4) Fe xx
281.72 93.93(H  Fe xvini 323.56 H.L.
282.14b1 141.09(2)  Mn XXl 324.40 H.L.
283.64b1 281,64 Fe x1i 353303 2Dy a-3s3p* 2P 325.06  108.36(3)  Fexix
28402 28415 Fe xv 35218,-3s3p 1 P, 32568  162.83(2) C.L.
2842801 142.142)  Fe XXI 326.21 H.L.
284.97bl  284.97 Crx1 As23p? 1P -3s3ph S, 327.10bl C.L.
28755 H.L. 328.34 TiXIX  252185)-252p P,
S— { 289.16 FeXIV  3s23p 2Py,-3s3p2 28,0 328.28 { 328.29 Crxm  3s218)-3s3p 'P,
- 289.2 Crv 2p 2P-4d D 164.15(2)  Nixwv
o 6()!)1{ 144.76(2)  Tixvil 329.88 109.95(3) Fe xix .
- 289,58 Tix 3p 2P 0-3d 2Dy, 33096 165.46(2) CrXIX  2s%2p?3P,-2s2p3 3D,
290.33  290.3] Cr X1 3523p2 P, 3s3pt S, 331.87  110.63(3) Fexx
291.01bl  291.01 Fe xn 3523p3 2D 0-353p* 2Py 33274 33277 Alx 252 184-252p 1P,
291,49 145.70(2)  Fe xXI 334.21 334.17 Fe x1v 35%3p 2Py 1p-3s3p? 2Dy
29197 292.00 Ni XV 3528, 0-3p 2Py 33540 335.40 FeXvl  3s28,-3p Py,

“ The previously measured wavelengths are from Refs. 9-15.
*H.L.. hot line; C L., cold line.
‘Independent measurement by E. Hinnov is 117.99 A,

4 Independent measurement by E. Hinnov is 132.913 A.

listed in Table 1 are previously measured or calculated wave-
lengths from Refs. 9-16.

A number of lines are unidentified in Table 1.

From the

time dependence of the intensities of these lines, it could be

determined that an unknown transition was from an ion that
was abundant early in the discharge or during the plateau
regime, and these lines are labeled cold line (C.L.) and hot
line (H.L..), respectively.

—
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MCP

Fig. 12, The geometry of the spectrometer showing the grating G
and the flat microchannel plate MCP. The angle of incidence is «.
The angular position of the point on the MCP that is tangent to the
Rowland circle is .3, and pu is the pixel corresponding to the tangen-
tial point P, The distance to arbitrary point Py is A, and d is the
angle of diffraction at this point.

CONCLUSIONS

Numerical techniques were developed to analyze the spec-
tral data from the 2-m Schwob-Fraenkel spectrometer fit-
ted with a flat MCP. By using reference spectral lines, the
positions of the MCP were precisely determined, and correc-
tions were made for the various nonlinearities in the record-
ed data. By using a pixel calibration curve, a wavelength
scale was established with an accuracy of 0.01 A, and the
wavelengths of the spectral features were measured to an
overall accuracy of 0.02 A. A large number of ground-state
transitions in Ti, Cr, Mn, Fe, and Ni were identified.

APPENDIX A

The geometry of the MCP, the fiber optic, and the detector
is shown in Fig. 12. Point P, on the MCP is tangent to the
Rowland circle, and this point corresponds to pixel number
po on the detector. The arbitrary point P; on the MCP
corresponds to pixel number p;. If M is the magnification of
the fiber optic and N is the number of pixels per unit length
on the detector, then the distance between points P, and P,
on the MCP is

A= (p, - p,)M/N. (A1)
From the right triangle GOC,
B = R sin 8, (A2)

where B is half of the distance from the center of the grating
to the tangential point of the MCP, 3, is the angular position
of the tangential point, and R is the radius of the Rowland
circle. Applying the law of sines to triangle GP, Py,

A/sin(63) = 2B/sin(r — 3, — §8), (A3)

where 53 = 3, — 3 is the angular position of point P, mea-
sured from the tangential point P,. Solving Eq. (A3) for 3
and using Eqs. (A1) and (A2),

B=3,— cot” ' [2RN/(p, — p)M — cotB,]  for p, < p,,

(A4)

Davé et al.

3=3,+ cot '[2RN/(p, — pIM + cot 3] for p, > p,,

(AB)

For each MCP position, a calibration curve similar to Fig.
2 was generated. The expected pixel positions of the stan-
dard lines were calculated from Egs. (A4) and (1) by using
the experimental values of the angular positions Jy of the
MCP. Small adjustments to the 3, values were made so that
the data points from all the MCP positions fell on the same
smooth curve. The adjustments to 3, were within the ex-
perimental uncertainties il the measured positions of the
MCP. A polynomial function was fitted to the data points,
as shown in Fig. 2, and this calibration curve was used to
measure the wavelengths of the unknown lines.
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